T6-heat treatment
Introduction
It is known that aluminum alloys present combinations of unique properties, with emphasis on high strength/weight ratio, achieving economic notoriety in many industrial applications, such as in the automotive and aerospace industries, civil construction, pressure vessels for cryogenic applications, and in several other areas [1] [2] [3] [4] . We highlight the casting alloys of the 4xx.x group, based on binary Al-Si alloys containing 5-12% Si (mass fraction), which find many applications where combinations of moderate strength and high ductility and impact resistance are required [4] [5] [6] [7] [8] [9] . The addition of alloying elements increases the strength, through solids or precipitation hardening processes [10] [11] [12] [13] [14] [15] [16] [17] [18] The automotive industries [12] [13] [14] [15] . They are also the most important casting alloys because combine the benefits of silicon with those of heat treatment alloys. In general, these alloys are found in the following systems: Al-Si-Mg, Al-Si-Cu or Al-Si-Cu-Mg. In Al-Si-Cu alloys, the Si and Cu contents range from 5 to 22 wt% and 0 wt% to 4.5 wt%, respectively. Most of these alloys have nominal magnesium contents, ranging from 0.3 to 0.6 wt% [7] [8] [9] [10] [11] [12] [13] 19] .
The effects of the conditions of the solidification and heat treatment processes and their interrelationships on the microstructure and mechanical properties of aluminumbased ternary alloys have been recently investigated by Costa et al. [2] and Magno et al. [3, 17] for AlSiCu alloys, Chen et al. [13] , Sekar et al. [14] and Pramoda et al. [15] for AlSiMg alloys, respectively. Costa et al. [2] , Magno et al. [3] and Chen et al. [13] , have reported in their investigations on the favorable influence of 2 high and low T R and 2 values, respectively, on the T6 heat treatment, especially in the step of the solution treatment. Sekar et al. [14] have elaborated studies on the influence of as-cast (gravity casting, vacuum casting and squeeze casting methods) and T6 heat treatment conditions on mechanical properties (hardness, bending and double shear) and the results found for all casting methods showed that hardness and bending strength increased after heat treatment; on the other hand, the double shear strength of all these three castings decreased after the assumed heat treatment. However, these investigations did not explore the operational processing effects in specific regions of the ascast and heat treated microstructures, such as the hardening evolution in the aluminum-rich primary phase and the interdendritic regions.
Notably, the literature [1] [2] [3] [4] [10] [11] [12] [13] 16, 17] is unanimous about the strong influence of the solidification thermal and microstructural parameters on the mechanical properties of metals and their alloys. Study of solidification conditions on the morphology of the intermetallic phases in aluminum alloys have been elaborated in the last two decades. Samuel et al. [7] , Djurdjevic et al. [8] and Li et al. [9] have reported that cast AlSiCu alloys the Al 2 Cu intermetallic phase can be seen in the block and eutectic morphologies or as a mixture of both types. According to the authors, higher cooling rates favor the formation of eutectic type, and the block phase is more difficult to dissolve during the solution heat treatment. However, there is still a large gap in the literature that needs to be explored on the effects of the size and morphology of intermetallic phases on mechanical properties during the solidification path of AlSiCu alloys.
It is well known that in casting Al-Si alloys the presence of iron as an impurity is unavoidable and, due to its extremely low solubility in aluminum, Fe forms intermetallic compounds during the solidification of these alloys [1] [2] [3] [4] [11] [12] [13] 17] . Generally in Al-Si alloy, Fe-rich phases can be grouped into three kinds of morphologies: polyhedral or star-like, Chinese script and platelet [10, 11] , and the most observed among them is ␤-Al 5 SiFe with platelet-like morphology [11] .
It is important to emphasize that there are still doubts in the literature about the influence of the solution treatment on the as-cast microstructures, especially on the dendritic spacings. It is very well known that the Al-rich as-cast primary phase (matrix), generally dendritic, hardens after the T6 heat treatment. On the other hand, there are no studies in the literature regarding the effects of the phases that do not dissolve on the mechanical properties within the interdendritic regions, as well as the effects of the microstructural solidification parameters (as 2 ) on the size, morphology and distribution of Si, Al 2 Cu and Fe particles after T6 treatment. In this sense, the present contribution aims to investigate experimentally the effects of solidification and precipitation hardening processes parameters on the microstructure, intermetallic phases and microhardness in both matrix and interdendritic regions. Mathematical expressions have been proposed to predict the HV evolution with the aging time (t aging ) in both the matrix and the interdendritic regions.
2.
Experimental procedure Experiments on the investigated alloy, involving the preparation, quantitative and qualitative chemical analysis, transient horizontal solidification and the obtained thermal date, the resulting ingot as well as its characterizations in macrostructural and microstructural scales, are detailed in our recent publication [10] . The solidification set-up was designed in such a way that heat was extracted only through the water-cooled mould, promoting horizontal directional solidification. Samples with the dimensions of 10 × 10 × 60 mm were selected from the horizontally solidified ingot and submitted to the T6 heat treatment. The maximum length of 60 mm was defined as a function of the variation of the cooling rate (T R ) along the length of the ingot. It is emphasized that the T R values range from 21 • C/s to 0.53 • C/s along the length of the ingot, from the cooled base to the position in as-cast ingot equal to 60 mm. Obviously, a high range of T R values allows a large variation of the as-cast microstructure, since the cooling rate exerts a strong influence on dendritic spacing. Fig. 1 shows the drawing scheme of samples that were selected from the as-cast horizontal ingot and submitted to the T6 heat treatment, followed recommendations of ASTM B-597 standards, that is: solution treating performed during 3 h at 495 ± 2 • C, followed by quenching in warm water (70 ± 2 • C), aging for 1, 2, 3, 4, 6, 8, 16 and 24 h at 155 ± 2 • C and air cooling. Immediately after the heat treatment, both samples were subjected to microstructural characterization. The microstructural parameter analyzed was the secondary dendrite arm spacing ( 2 ). More details on the T6 heat treatment have been reported in the references [1, 17] .
In order to evaluate the effect of the precipitation hardening treatment on the as-cast samples, microhardness test was performed on both as-cast and heat treated samples. The HV measurements were obtained at the center of the dendrites and within the interdendritic regions. 2 and HV measurements were carried out at the following positions of the as-cast and heat-treated samples 5, 10, 15, 30 and 60 mm from the cooled mold. The methodology used for the 2 and HV measurement has been detailed in our recently published work [1] . The HV measurements followed the ASTM E384 standard and were conducted using a test load of 50 g and a dwell time of 10 s. A Shimadzu HMV model was used and the adopted Vickers microhardness has been the average of at least 20 measurements on each as-cast and heat treated samples. In addition, the scanning electron microscope (SEM TESCAM, VEGA LMU) coupled to an energy dispersion spectrum (EDS X-MAX 20, Oxford) was used to investigate the morphology and distribution of the phases in both as-cast and heat treatment samples.
Results and discussion
As mentioned, the thermal data resulting from the horizontal solidification can be observed in our article [10] . From these data, the cooling rates (T R ) have been determined experimentally along the length of the as-cast ingot, as shown in Fig. 2a . Fig. 2b presents 2 dependence as a function of T R . Fig. 2c depicts for three positions in the as-solidified ingot the behavior of dendritic microstructure evolution. Experimental mathematical expressions given by T R = 123(P) −1.25 and 2 = 50.6(T R ) −1/3 have characterized the T R and 2 variation as a function of ingot and cooling rate, ( Fig. 2a and b, respectively) . It is observed that the cooling water exerts a strong influence on the T R and 2 values, since higher and lower T R and 2 values, respectively, finer microstructures are achieved at positions in ingot close to the cooled base. Fig. 3 shows the results of HV measurements in the regions of the as-cast samples established for studies, that is, it has been carried out on the center at the dendrites (␣/Alrich phase) and within the interdendritic regions. Obviously, higher HV values have been observed within the interdendritic regions due to the presence of harder phases that constitute the eutectic mixture (Si particles + Al 2 Cu and Fe intermetallic compounds). An average HV value equal to 60 kg/mm 2 has been obtained on the region of the Al-rich phase (Matrix) to the length of the as-solidified ingot; on the other hand, within the interdendritic regions (IR), a progressive increase of HV values has been observed, as can be seen in Fig. 3a and b represents the HV behavior with the variation of 2 in IR. It can be seen that the Hall-Petch expression given by HV = 106-163( 2 ) −0.5 characterizes the HV dependence as a function of 2 . This is due to the harder particles located within the interdendritic regions that increase in size with the increase of 2 , specifically the Si particles that present with coarser and elongated lamellar morphologies. Fig. 4 shows longitudinal SEM micrographs obtained for two positions in the as-solidified ingot (5 and 70 mm from the cooled interface). The SEM images of Fig. 4a and b have been obtained by means of secondary electrons (SE) and scattered retro electrons (BSSs), respectively. The images by BSSs are extremely useful when it is desired to observe impurities Besides that, in order to better identify the elements and their influences in the formation of phases that constitute the investigated alloy, in this work compositional maps and point microanalyses by EDS on each constituent phase have been carried out and the results are presented in both Fig. 4a and b . The EDS mapping has allowed to separate the Al, Si, Cu and Fe elements by specific colors and the point microanalysis by EDS aims to elaborate a qualitative and quantitative chemical analysis of these elements. The use of these analyzes combined with observations obtained from the literature [7] [8] [9] [10] [11] 13] on the morphology of the second phases that form during the solidification path of AlSiCu alloys, it has contributed in the characterization of the Fe/Al 2 Cu intermetallic compounds and Si particles.
Thus, by examination of the as-cast SEM microstructures shown in Fig. 4 , it is clearly evidenced the effect of high cooling rates on the formation fibers/spheroidized-like Si particles and finer Al 2 Cu intermetallic compounds of block and eutectic types, as observed in Fig. 4a . On the other hand, as the cooling rate decreases with the advance of solidification, the dendritic spacings ( 2 ) increase and the Si particles are able to grow and exhibit lamellar morphology, as seen in Fig. 4b . Certainly, the presence of coarser Si particles and Al 2 Cu/Fe intermetallic phases justify the highest HV values observed at positions with higher 2. Fig. 5a shows for both investigated regions (␣-Al and IR) the HV evolution with the aging time (t aging ) for all the analyzed positions. As expected, by analyzing the HV values on the matrix, a gradual hardening is observed with increasing of t aging , reaching a maximum value equal to16 h, and from this time a slight decrease in the HV value has been evidenced, probably due to the overaging, whose phenomenon is very well known in the literature due to the increase in the size of metastable precipitates ( ′ -Al 2 Cu) and returning to stable phase ( -Al 2 Cu), now dispersed in the matrix (␣-Al) and not within the interdendritic region. Fig. 5c shows the results of the average HV values for both investigated regions, calculated from the measurements of each position which have been reported in Fig. 5a and b. As one of the highlights of this work, mathematical expressions given by HV = 84.75 + 1.72(t aging ) − 0.04(t aging ) 2 and HV = 74.5 + 0.98(t aging ) − 0.03(t aging ) 2 have been proposed, which characterize the HV variation with t aging in both matrix and interdendritic regions, respectively. As cab be observed, SEM images by EDS/scan mapping of microindentations have been obtained within the interdendritic regions and are shown in the upper parts of Fig. 5c and d . It is noted the presence in the eutectic mixture of Si particles and block-type Al 2 Cu intermetallic compounds, which did not dissolve during solution treatment. In addition, it is observed more spheroidized-like Si particles for the heat treated sample at position equal to 5 mm, due to higher cooling rates at this position. Fig. 5d shows also qualitative and quantitative elemental microanalysis by EDS. It is observed from the result of point 2 that the Cu and Fe amounts present depict the presence of -Al 7 Cu 2 Fe phase, which does not dissolve during the step of the solution treatment. According to Dons [5] , the ␤-AlFeSi phase becomes the phase, presenting a morphology similar to that of Al 2 Cu. This author has reported that the ␤-AlFeSi + -Al 2 Cu phases can coexist in as-cast structures and the Si + -Al 7 Cu 2 Fe phases have been observed in heat treated structures. Cerri et al. [6] have also reported on the presence of an intermediate phase between the ␤ and phases, that is, the AlFeSiCu phase has been observed after the solution treatment. In general, it is known that both Si and Fe particles do not dissolve during solution treatment.
In this work a comparative study with results from the literature has been carried out for directional solidified AlSiCu alloys, as shown in Table 1 . It is important to inform that the average HV values compared have been considered the closest to the assumed conditions in the present investigation (3 h at 155 ± 2 • C of aging). In addition, the solidification thermal and microstructural parameters have been very close. This is seen that precipitation hardening has occurred for the three analyzed cases. The average HV values obtained equal 87, 80 and 84.5 kg/mm 2 are among the minimum and maximum HV values of the 20 measurements (75-98 kg/mm 2 , respectively) achieved in the present work. Therefore, it is possible to predict that the hardening levels have been the same. It is important to note that the maximum hardening reached in this work has been obtained for HV = 92 kg/mm 2 (average between the HV values of both regions) at the aging time equal to 16 h, as seen in Fig. 5c. 
Conclusions
Considering the results obtained from this investigation, the following conclusions were drawn:
(1) It has been evidenced that both solidification thermal and microstructural parameters, that is, high and low T R and 2 values, respectively, positively influenced the solution step during the T6 heat treatment, since spheroidized-like Si particles have been observed on the as-cast and heat treated samples at positions in the ingot closest to the cooled base.
(2) As expected, hardening of the matrix has been observed with increasing aging time. (3) As a highlight, the progressive increase of HV with the ingot position has been noted within the interdendritic regions of both as-cast and heat treated samples. This has been due to the presence of harder particles contained in the eutectic mixture (Si particles + Al 2 Cu/Fe intermetallic compounds) which, with the increase of 2 , they have found equilibrium conditions more favorable to increase in size and, as a consequence, hardening the interdendritic region. (4) Hall-Petch mathematical expressions given by HV = 84.75 + 1.72(t aging ) − 0.04(t aging ) 2 and HV = 74.5 + 0.98(t aging ) − 0.03(t aging )2 have been proposed to characterize the HV dependence as a function of aging time for both matrix and interdendritic regions. (5) The hardening levels achieved in this work have been similar to those reported in the literature for as-cast samples of the same investigated alloys system (AlSiCu) under similar T6 heat treatment conditions.
